Coherent spin dynamics in the THz domain coupled to a coherent phonon is observed in the time-resolved second harmonic response of the Gd (0001) ferromagnetic metal surface. An LO phonon of 2.9 THz is excited by a transient charge displacement at the surface caused by resonant absorption of a fs laser pulse in the exchange-split surface state.
The interaction between spins and their surrounding lattice has always been of central importance for the understanding of magnetization dynamics. In recent years the availability of ultrashort laser pulses elevated the field to a new quality and time-resolved observations of coherent quasi-particle excitations in the picosecond or subpicosecond domain are by now becoming experimental routine. Nevertheless, the investigation of ultrafast processes progressed rather independently for lattice and magnetization dynamics.
Concerning the lattice, investigations of optically excited coherent phonons in semiconductors and semimetals developed into a well-established field 1, 2, 3, 4, 5 , with involved frequencies of typically several THz. In the field of magnetism 6 , on the other hand, investigations of coherent spin dynamics was strongly advanced by the demand for fast magnetic switching in magnetic storage devices. Coherent magnetization precession at acoustic spin wave frequencies permits switching rates of several GHz, as demonstrated by experiments using picosecond magnetic field pulses 7, 8, 9, 10, 11 . Femtosecond laser pulses enable generation of spin waves at even higher frequencies of about 10 GHz 12 employing a transient magnetic anisotropy field. A considerably faster scheme has been suggested by Bigot et al. to occur for acoustic modes at 140 GHz 13 .
In this Letter, we demonstrate the use of lattice vibrations as a driving mechanism to coherently excite the spin system in the THz regime by modulating the exchange interaction in a ferromagnet. Realization of this concept required (i) a ferromagnetic system which is suitable for optical phonon excitation and (ii) a time-resolved detection technique which is able to distinguish between lattice and spin dynamics. The first requirement is met by Gd, a ferromagnetic hcp metal with two atoms in the primitive unit cell generating the optical phonon mode. Ferromagnetism occurs by indirect exchange coupling of localized Fig. 1 ). As shown below, resonant absorption of 1.5 eV photons leads to coherent lattice vibrations perpendicular to the surface plane. Since J(r ij ) changes sensitively with the interlayer spacing 15 , we expect that lattice vibrations of adjacent (0001) planes will result in a concomitant change of their exchange coupling leading to a modulation of magnetization at the phonon frequency. This process should be considerably faster than the incoherent spin-lattice relaxation at ~10 GHz in bulk Gd reported by Vaterlaus et al. 16 .
The second requirement was satisfied by measuring the second harmonic (SH) response as a function of time. SH generation allows for the simultaneous detection of electronic and magnetic contributions to the SH field 17 and is extremely surface sensitive.
Since the electronic structure varies with lattice vibrations this technique is well suited for probing both the lattice and spin dynamics. SH generation is particularly sensitive to the Gd(0001) surface state because the fundamental photon energy of 1.5 eV nearly matches the energetic separation of the minority bulk band and the unoccupied surface state component ( Fig. 1) . Thus, the reflected SH is resonantly enhanced by the surface state, as shown in Ref. 18 .
The SH intensity reflected from magnetic surfaces is composed of two fields which behave even or odd with regard to magnetization inversion:
The arrows indicate opposite magnetic field directions and ϕ is the relative phase between even and odd SH fields. In time-resolved experiments pump-induced variations are expressed by
where t 0 denotes a negative delay. Since E odd <<E even and 1 cos ≈ ϕ , pump-induced variations of even and odd contributions can be separated 19 :
where and measure the pump-induced electron and magnetization dynamics, respectively
The experimental scheme is sketched in the inset of The displacive excitation of coherent phonons introduced by Ippen and coworkers can serve as a starting point to understand the observed oscillations. In case of Gd(0001), however, the exchange split surface state causes pump-induced optical transitions to evolve differently for majority and minority spins (see Fig. 1 ). While the unoccupied part of the surface state is the final state for minority spin electrons originating from the occupied bulk band, majority spin electrons are excited from the occupied component of the surface state.
The photo-generated hole ( ) and the excited electron ( ) in the surface state have lifetimes which differ by more than a factor of two, as shown by linewidth measurements ( =70 meV and =175 meV at 80 K). The lifetime
of the hole ( =9 fs) is longer compared to that of the electron ( =4 fs). Screening of the photohole results in a transient charge redistribution at the surface, which drives the surface plane out of equilibrium along the normal direction. This charge redistribution decays on a 10 fs timescale and leaves the ions in the surface suddenly displaced, which leads to the surface phonon monitored by .
The proposed mechanism was verified by an overlayer experiment. Yttrium is a good candidate because it has the same lattice constant and valence electron structure as Gd.
Since Y is no ferromagnet, its surface state is not exchange split and located at the Fermi level. Fig. 3 shows that the oscillation in the even SH component of bare Gd is damped to half by one monolayer (ML) Y and suppressed by 3 ML. 26 Photoemission spectra in the right panel indicate that 1 ML Y reduces the effective exchange splitting since the Y induced peak appears closer to E F . At 3 ML the Gd peak can hardly be identified. We conclude that excitation of the coherent phonon is unambiguously connected to the exchange-splitting of the surface state. Now, we turn to the magnetization dynamics. If temperature is increased, the exchange interaction is weakened. Fig. 4a displays the temperature dependence of the and oscillation amplitudes determined from the fit used in Fig. 2b . In addition, the variation of the static magnetic SH contrast with temperature is shown, which measures the effective spin polarization at the surface vanishing at the Curie temperature of 293 K.
Clearly, both oscillation amplitudes follow the magnetic contrast. As the SH is particular sensitive to the surface state this corroborates that the exchange splitting of the surface state is the origin of the coherent response observed in both even and odd SH fields. The above picture requires that the spin system can be excited at 3 THz. The spin wave dispersion along the c-axis ( Γ -A direction) in bulk Gd exhibits optical magnons with a maximum frequency of 3.5 THz at the Γ -point 28 . This frequency will decrease at the surface due to the reduced coordination but may also be altered by the coupling between lattice and spins. Since our observed frequency of 2.9 THz is below the maximum spin wave frequency the spin system is in fact able to follow to the surface phonon. Thus, overlap of the magnon spectrum with the coherent phonon frequency presents a requirement for such coupled excitation.
We conclude that the modulation of the spin polarization driven by the surface vibration can be viewed as a parametric excitation of the surface magnetization because the exchange interaction J(d) -a parameter of the spin wave -is altered by the phonon. We interpret the magnetic contribution of this coupled excitation as optical magnon wave packets in the sense that the surface magnetization is modulated coherently by ~10%. This new kind of a coupled coherent lattice and spin mode in a ferromagnet requires further studies to achieve a complete understanding and might have the potential to reach THz magnetic switching rates.
In summary, we have observed coherent optical phonons at 3 THz at the ferromagnetic metal surface Gd(0001) at 90 K by employing time-resolved second harmonic generation.
The corresponding vibration of the interlayer distance leads to a variation of the exchange interaction and thereby drives parametrically coherent spin excitations at the same frequency in THz range. This interpretation was supported by quenching the surface vibration by an Y overlayer and by temperature dependent measurements. 
